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The exper&mntallydetermlmdpe#orman ce chazacteristfos of
= -A.-flow tibojet -8 tie been ueed to eetimate the
egfecte cff inlet total-presetwe losses on net thrust and specific
fU81 ConSUmpti~ at a con&ax.& engine ape&,

At low altitudes and f'lighk Mach nMber6, inlet pressure
losses muse an incream in engine bieohaxge tmperature and it fs

* poesible that the ~allarablet~inetnmpgraturemsybe
exaeedeil. An inlet absolute total-pre8sure loe8 of 10 percent
will result in a thrust 105s of 14 percent and a 15-percentw - fncresse in apeaif ic fuel consumption based on net thrust.

At high altitudes and flight Mach numbere, ohoking condLtion8
exist ia the exhau.& nozzle and the inlet prgaaure lowea do not
affect the discharge temperatures. Under the6e cronditions,  a
LO-peroent  loss in inlet absolute total pressure produaes a
22-percent  lose in net thrwt and a 16-pement inoreese in specific
fuel ooxlsuqption.

B the exhaust-nozzle-outlet ares te adjusted to compenmte
for the effect of inlet lossef~ on discharge temperature in the
nonchoking cases (low altitudes end Mach numbers), the thrust and
fu&~onmmptionwlllbe  changedinsmanner  sBilartoth8 results
obtained in the choking cases.

The lossee in the inlet sir ducts, the diFfue=, and the
de-icing equipment associated tith turbojet engine inst~lCbtioII.8
o-8 a reductfon in the total pressure at the inlet of the e&m
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and result in reduced thrust and inmeased specific fuel oomump-
tion. An snalyi;ioal  evaluation crf the effects af irile& losses on
the net thrust and the fuel econaay of' a 3000~pound-thrust axla3.-
flow turbojet engine with a two-stage turbine is presented herein.

The analysis is based on engine perfomance ohamcteristios
that were determined fran erperzimnts  in the NACA Cleveland alti-
tude wInd tunuel (references 1 to 5). The erperlrmntalinvestiga-
tim did not include tests in which inlet losses were systematically
varied, but the effects of these losses can be aocurately estimated
frmthe experimentally determined performance  characteristics of
the engine.
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SYMBOLS

The following symbols EUB used In this report.

mea, square feet
.

velocity of sound, feet per second

dZschezge  coefficient

fuel-air ratio

jet thrust, pounds

aoceleration of gravity, 32.2 feet per seoond per second

flight Wch nwnber, V/a .

wine sxvd, rpn

total pressure, pounds per square foot absolute

static pressure, pounds per sg,e foot absoluke

P+dynermicpressure,  x, pounds persquarefoot

gas oonstant, 55.4foot-pounds perpoundper oR

total tampmature,  91

velooity, feet per second
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W mass r&e of airflowthroughengine,pounds  per second

Y ratio of specific heats

8 ratio of compressor-inlet total pressure to static pressure of
NACA standard atmosphere at sea level

8 ratio of oaqzessor-inlet  absolute total temperature to
absolute static temperature of NACA standard atmosphere at
sea level

P density of air, pounds per cubic foot

7 engine total-tamperature ratio, '8jT2
Subscripts:

o- ambient or free-stresm conditions

1 nacelle Inlet

*
2 compressor inlet

8 etiaust-nozzle  outlet
* The data were generalized to NACA standard sea-level condi-

tions by the followzIng parameters:

I+/z- corrected en&e speed, rpm '

wa
8 corrected air flow, pounds per second

AmLYsIs

+. .

A

Inlet losses influence the turbojet engine in three ways: The
total pressures throughout the engine sre reduced snd consequently
the total pressure cf the jet is reduced; the tqperature of the
jet must be increased to maintain constant engine speed; and the
air flow is reduced approximately in proportion to the reduction of
air density at the engine inlet. When the pressure ratio across
the exhaust nozzle exceeds the choking value, the temperature and
pressure ratios across the engine are independent  af the inlet

In the analyses that follow, different methods were used
fl~?~~&l.ating the nonchoked (subsonic jet velocities) and choked
caees . In all oases the engine speed was held oonstaut at a value
of 11,500 rpl-
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Ronchoked exhaust nozzle. = The turboJet engine was treated as
a pump for raising the total preesure and-temperature of the air
and the ges-flow ohamuteristics  of the engine were matched with
the gas-flow characteristics of the exhaust nozzle.

Engine charaoteristics  were determined frm altitude-wind-
tunnel investigations (rafereaces 1 to 5) and axe shown in fig-
ures land2. The effect of the parameters of altitude, oarrected
engine speed, effective inlet-pressure ratio P2/p0, and e&au&-
nozzle-outlet area on the relation between temperature and pressure
ratios amoss the engine is shown In figure 1. The oorrected
engine speeds correspond to a fixed engine.speed of 11,500 rpm at
the selected flight conditions. The vetriaticn  of corrected air
flow with oorreoted engine speed for altitudes elf 15,000 and
25,OOOfeet la shown infiwe 2.

The air-flow characteristics of the e&au& nozzle were cal-
culated frcm the equation

(1)
The relation exptressed by this equation is illustrated in

figure 3, in which engine pressure ratio P8/P2 is plotted ae a
function of temperature ratio 7 for a series of tiues crf
ccxapressor-inlet corrected air flow per square foot of exhaust-
nozzle-outlet exea and for various values cf &feotive inlet
pressure ratio P2/po.

Theflowrequiremnts impcsedsimultanecuslybythe  engine
characteristics and the nozzle charaoteristios  are satisfied at
the intersection of the correspmding curves in figures 1 md 3,
respectively. In the thrust ccpnputations,  values & engine speed
(l&500 rp), altitapi $$Lght &ch number, end islet absolute
total-pressure loss - were assumed.

9
Correctedengiaespeed

was mlculated  and the oomected air flow to the engine was read
frcanfigure 2. The curve infigure 3 correspondingto the selected
effective inlet-pressure ratio, erhauet-nozzle-outlet axea
(1.27 sq ft), and nozzle discharge coefficient (0.99) was

t
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h
superimposed on the curve infigurelcorrespondingtothe  calcu-
lated corrected engine speed, and the pressure and temgmature
patios across the'emzine were found at the intersection of the two
curves. The equatioE Ueed for calculating jet thrust

Fj = I?

it3

(2)

Choked exhaust nozzle. -When the pressure ratfo aomss the
exhaust nozzle was greater than the choking value, the air flow end
the pressure audtmrature ratios across the engine were afunc-
tion principally of the corrected engine speed and varied only
slightly with altitude end effective inlet-pressure ratio, as shown
by the results cf wind-tunnel investigatione  in figures 4 tc 6.
The values usea in the analysis were taken frcmthe dashed curvea
in these figures at the corrected engine speed comespond%ng to BP
actualenginespeed aP 11,500 rpm at the selected altitude and
flight Mach number. The jetthmstwas calculatedfromthefollow-
ing equation, vhLch is applicable to a convergent nozzle

5

r,+l

Fjz+(T)-

DISCUSSIOR

Results of the analysis ere presented as the lossin net
thrust aud the increase inspeciflicfuelconsmptionbased  on'net
thrust that accompany the varging loss in Inlet absolute total

preesum3. A chaxt for converting ram-~essure recovery pl-p2
( )
I - -

so
to inlet absolute total-pressure loss is given in figure 7 for
flight Mach numbera up to 1.0.
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ITonchokd exhaust nozzle. -When the s&mst nozzle wss not
chokeh, a loss of inlet absolute total peasure reduced the jet
thrust in p.-oportion  to the reductioa'in air flow aud the reductiou

in the pressure-ratio functiou J-i aad- inoreased the

jet thrust inproportl~tothe increase in the square root of the
over-all temperature ratio. AB enexmple, the effects Cg a
lo-percent loss in inlet absolute total wessure at a flight Mach
mmiber of 0.4 and 8p altftude cd? 15,000 feet are shown in the
following table: .

Pressure ratio, P8/po, no loss . . . . . . . . . . . . . . 1.675
Temperature ratio, T&C2, no 1-8 . . . . . . . . . . . . . 2.62
Percentage change caused by lo-percent

inlet absolute total-pressure loss

Pressure-ratio reduction, percent . . . . . . . . . . . . . . 6.0
4. Temperature-ratio Increase, percent . . . . . . . . . . . . 6.3

Reduction crf net thrust per uuit
. rate of airflow, percent . . . . . . . . . . . . . . . . 4.0

w Al&flowreduction,  percent  . . . . . . . . . . . . . . . . 10.0
Met-thrust reduction, percmt . . . . . . . . . . . . . . .=.7

The pressure-ratio  reduction is only 6 ptxcent because the pressure
' ratio across the engine increases with iucreasing temperature mtio.

The relation of thrust loss to inlet absolute total-pressure
loss was approximately linem (fig. 8). The chsmge in tanperature
ratio 7 across the engine as the iuletlosses  iucreasedare iudi-
cated on the curves. E the e&au&-nozzle mea were selected to
give msximum thrust with DO inlet losses, the inlet losses would
cause the temperature to rise a3iove the ntaximm allowable value.

Choked exhaust nozzle. - when a choking  conditiop  etisted in
the e*ust nozzle, Inlet losses no longer caused ep1 increase in
the over-all temperature ratio sndthere was uo longear an Incresse
iu thrust frcan increasing.temperature  sud Epsessure ratLo across the
engine to psrtlyoffsetthe effects of inlet pressure aud air-flow
losses. For example, at sn altitude of 15,000 feet and a flight
Mach number of 0.8, choking couditions  existed; aud the sffects of
a lo-percent loss of inlet absolute total pressure are shown in the
follarlng table:
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Pressure ratio, P6/po, no loss . . . . . . . . . . . . . . . 1.84
Percentage change caumd by lo-percent inlet

absolute total-pressure loss

Pressure-ratio mduction, percent . . . . . . . . . . . . . 10.0
Reductionof net thrust permit

rate of air flow, percent . . . . . . . . . . . . . . . . 14.0
Air-flowreduction, percestr . . . . . . . . . . . . . . . . 10.0
Ret-thrust reduction, percent . . . . . . . . . . . . . . . 22.5

Th8 thrust loss wss appr0rfmatel.y proportimalto the inlet
absolute total-pressure loss, ss shown In figure 8 for flight at an
altitude of 15,000 feet and at Mach embers of 0.4 and 0.8. The
de~urefranpropclrtionalityatthehi~~~ numberwhgnthe
inlet absolute total-pressure loss exceeded 10 percent resulted
b8oause the pr8ssure at the exhaust nozzle fell below the ohoking
valueaadsameiacre~efnt~rature~companiedlnareeusing
losses.

specific fU81 ConeumptiolL - The sp8cIfic fuel consumption ie
inv8rselypmpmtionaltoth8thrustp8runitrat8  of tirflowand
directly proportional to the fuel-air ratio. The fuel-& ratlo is
proportionalto T- 1. At en altittie of 15,COO fe8t and aMach
number of 0.4 (fig. 8, nonchoked nozzle), an inlet absolute total-
pressure loss cf 10 pement mducedthe thrust per unit rate CIP air
flow by 4 percent, but a 6.3-percent  imrease fn temperature resulted
in a lo-percent inoreaee in fuel-air ratio. The over-all increase
in specifio fuel coneumption was therefore 15 percent.

When the engine is choked at the 8-t nozzle, inlet losses
cause increases in specific fuel consumption pure4 through the
reduction of tbruat per unit rate of air flow. In the choked csse
pre~i~u~lym~nti~ned  (altitude, l5,CCO feet; Mach mmb8r, 0.8), a

'lo-percent loss cf inlet absolute total pmssum reduced the thrust
per u&t rate OS air flow by 14 percent and the conseqynt Lmrease
1% specffic fuel copsUmption was 16 percent-
G

I
- thrust loss = 1 +'sp8cific-fu8l-consumption iTmreas8). The

close agreement between this valu8 09 16 p8rcent and the value of
15 percent for the nonchoked ca88 is coincidental.

Curves showing the specific-fuel-consumptfon increases cor-
XWSponding to the thrust losses are also given in figure 8.

Rffect of flight Mach number. -ChangingtheMachnumb8r
influenced the relation between thrust lose and inlet absolute
total-pressure loss ~incipally  through the 8ffects of Msch nuraber
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on choking at the eihaaet nozzle. Infigkm~8,incr8asingtheHach
nwnberfrom0.4to 0.8 reSdt8a insn inurease of thrust lcm from
13.7 percent to 22.5 percent for 8n inlet absolute tOt~-pZY8SSUre
loss of 10 percent. At a Maoh number of 0.4, the pressure in tie
efiaht nozzle wan wellbelaw choking; and at a Mach wmiber of 0.8,
choking occurred in the exhaust nozzle. %11&t Mach pppiber had
relatively little effect On the increSS ip SpCifti fU81 COILStlUlp-

. tion for a giV8Il inlet abSOlUt8 tOt~-pZ?8SSUr8 1088 for th8 COIldi-
tiW Of fi@Ir8 8.

When choking ConditionSi existed thra&out the rang86 of
flight Machnumber Under coneid8r&ion, then8tthrwtdecressed
V8~Slight~WithiM333SSi~  flightMachmzmb8r (fig. 2).

3

L

Effect of altitude. - Increasing the altitude al? operation CUT
a j8t engin and holding the 8ngill8 Sp88d COnStS& r8SultS in
increased COrr8Ct8d engine speed, incr8a~8dtemp~attarerati0,  and
increased Ip'essure rtiio. As the pr8SSUr8 ratio apprOaCh88 choking
in the 8khSJMt llOZZh3, the thmzst.lOSSeS  aCCEp11Danvipg  inlet p8S-
sure losses becoslsmore serious, 88 previouelynot8d. Increasing
the altitude from15,OOO to 25,000 feet resulted in EIP increased
8ff8ct of inlet absolute total-mesUre loss on thruSt. This
8ff8Ct and the increase in 8peCific fuel cOnSlmrpt;iCn, which is
gr8ater at in tititUd8 of 15,000 feet than at 25,000 feet, are
showninfigure Lo. Thie seater increase at the low altitude
reSUlted f3?OIlI a -8&8r effect Of inlet loss 011 t~Whl3?8 I'di
and a consequently greater increase in fuel-air ratio. At alti-
Wdes above 25,000 feet, the pressure ratio across the e&xuSt
nozzle exce8dS the choking value and altitude ham only a very Bmsll
8ffect on the thruSt loss and the specific-fuel-coneumption
inur8as8.

Constant tFrmper&ure and variable nozzle erea. - In cases
where the inlet lOSS8S haV8 been 8valu8ted, th8 aircraft or engine
a8Si@I8r Should SO S818Ct BP 8rhauet-llOZZl8-OUtl8t  &2'8a that th8
xuaximumallowabletemp8ratur8willb8  obt;ebinedatmSximumallow-
able engine speed. whenthe exhSnst-noZzl8  area iS adjUstedto
hold constant tmperature, il&ft 108688 Will Sff8Ct th8 th?.'USt by
reducing the air flow and the. total pressure at the jet nozzle.
cOIlS8~U8&~, -the 1068 in thrust aCCC3tl~ing iIll8t absotite tOta-
pressure 10~~8s willbe similartothelc~ses incurredwhenthe
engine is operating at choung conditions. A lo-percent loss of
id& abSOlUt8 total pr8SSUre Will prodUC8 a thruSt loss Cff
appFOXimat8~ 22 percent and an increaSe in SgeCifiC fU81 COdmp-
tion of about 15 perc8nt.
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Summary of thrust ad fU81 ~an~m~ption~. -The loss in thrust
snd the incr8ase in 8pecifiC fuel COnSlEQ~ion  a~OoJ.tQanying  inlet
absolute total-pressure losses &we S-Z8a in figure 11 for the
flight conditions indicated by x in the folloWing  table. Data
for conditim mark8d by 0 are given in oth8rfigureEl.

Flight
Mach
number

0
.4
.8

1.2
1.6

ntitUa8

0

I:
x

-m--s

15,000

0
0
Y

/ ------

25,000

0
0
x
0

35,000

X
X

The veriation of loss in net thrust and increase in net thrwt
specificfuelconsumptionwithram-pressure  r8covery is shown in
figLE8 12 for an altitude Cf 15,000 feet and flight &Ch numbera of

.- 0.4, 0.8, and 1.2.

The following r8sUl.s sre applicable  to the 3000~pound-thXUst
axial-flow turbojet engine investigated at f ix8d rotational Speed:

1. Thethrustloss  was approximatelyproportionalto the loss
of inlet absolute total pessure.

2. %&en the pX'8SSIW8 ratio aCroSS the 8xhaUst nozzle WaS leS8
than choking value, a lo-perCent loss c$ inlet absolute total
pr8Ssure resulted in approxLmately 14-perc8n-t  loss of net thrust
aad 15-percent inCrease in Specific fuel consumption. The aiS-
charge temp8rature may increase above maximum al1oWab18 value.

3. When the pressure ratio across the 8-t nozzle exceeded
th8 choking ValU8, a lo-percent loss in inlet absolute total pres-
sure resulted in ap~oximately 22-percent loss In thrust and
16-percent inCressesin specifio fuel ConSumption. The discharge
temperature did not Change.

1 4. When th8 eXhaU&-nOZZle area wes adjusted so that the dl8-
charge temp8ratur8 had th8 msxi~~~allowable  value at eaChvalue
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& inlet pressure loss, the chfm&s in thruzt end SpeCifiC fuel
consumption ac~c~~panying inlet pr8ssure 10888s wer8 similer to the
chenges when the engine was operating at choking cmditicms.

5. Changes of altitude and flight Mach nUmb8r influ8noed the
relation of thrust aud epecific fuel consumption to inlet pressure
loss through the 8ffect on the choking condition in the eaust
nozzle. At low altitude and Maoh nmber, the pressure ratio across
th8 exhaust nozzle W&S 186s then the choking VdU8; at high titi-
tudes and Mach numbers, the pressure ratio wes greater than the
choking ValU8.

Flight PropulsionResear~hLaborat~,
National Advisory Carmittee for A8ronautic8,

. Cleveland, Ohio, Maroh 16, 1948.
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temperature ratio.
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Englna total-temperature ratio, T

(f) EPfeotive  inlet-preaaure  ratio, Pz/pD, 1.4.
Figure 3. - Continued. E&aunt-nozzle oharacteristlos.
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